Abstract: Simulation study of a solar adsorption refrigeration system using a wing type compound parabolic concentrator (CPC) is presented. The system consists of the wing type collector set at optimum angles, adsorption bed, a condenser and a refrigerator. The wing type collector captures the solar energy efficiently in the morning and afternoon and provides the effective temperature for a longer period of time compared to that achieved by a linear collector. The objectives of the study were to evaluate the system behavior, the effect of wing length, and to compare the performance of the systems with wing type and linear CPCs. A detailed dynamic simulation model was developed based on mass and energy balance equations. The simulation results show that the system performance with wing type CPC increases by up to 6% in the summer and up to 2% in the winter, compared to the performance with a linear CPC having same collector length. The ice production also increases up to 13% in the summer with the wing type CPC. This shows that the wing type CPC is helpful to increase the performance of the system compared to the linear CPC with the same collector length and without the need for tracking.
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Introduction
The advancement of technology has made cooling a part of life. Therefore, the rapidly growing population and changing life style in developing areas has also increased the demand for cooling for various purposes, for example, for storing foods and medicines, cold water for drinking, and for space cooling. Normally electric driven systems are used for refrigeration or cooling purposes, but the energy shortfall and lack of or insufficient electric supplies are the main constrains to use electric driven cooling systems in such developing areas. Therefore, the use of solar energy as an alternative source of energy for cooling is increasing due to the energy crises and the rapid depletion of existing non-renewable resources [1] [2] [3] . Solar cooling can be promising and attractive technique in the future because of the near coincidence of peak cooling loads with the available solar power. There are many solar cooling techniques like absorption, adsorption, desiccant, and ejector systems. Solar adsorption refrigeration has advantages over other systems, such as it can be driven with low heat [4] , it does not require electric power, the systems are easily operated and require less maintenance, and moreover, the working pairs used in the systems are environmentally friendly [5] . Therefore, solar adsorption cooling systems seem technologically possible and socially feasible in such areas where there is not enough electricity, but solar energy is rather easy to obtain.
Despite their potential advantages, the existing solar adsorption refrigeration systems are not yet competitive enough to replace electricity-driven refrigerators because of their low efficiency, intermittent operation, and high initial cost. In the present study, a contribution to improve the efficiency of solar adsorption refrigeration systems by using a wing type compound parabolic concentrator (CPC), proposed by the present authors in the previous publication [6] , is added to the body of literature on this topic.
Solar collector is an important part in the solar adsorption chiller because it provides the driving energy for system operation. Flat-plate collectors are commonly used in solar adsorption refrigeration systems [7] [8] [9] [10] . Some attention has also been given to using concentrator collectors [11, 12] , specifically CPCs [13, 14] . CPCs can achieve higher temperatures compared to flat-plate collectors, and it has also been reported that CPCs have the ability to produce ice with a solar adsorption ice maker even on overcast days [14] . Many studies have been conducted that describe the techniques to improve the solar energy collection performance [15] [16] [17] . These techniques either involved special designs and operations or are not suitable for solar driven adsorption chillers. Normally, solar collectors are straight, facing south. In this case the required temperature is obtained in the middle of the day. To obtain the required temperature for longer period of time, the solar energy needs to be captured efficiently in the morning and afternoon. For this purpose, the present authors have proposed a novel CPC with wings that provided the effective temperature for longer period of time compared to a linear CPC with same length [6] . The proposed collector works without the need of tracking or a heat storage tank, and does not involve any extra design and operation.
In this study, a solar adsorption refrigerator equipped with the proposed wing type CPC is investigated. The objectives of the study were to investigate the behavior of a conventional intermittent solar adsorption refrigeration system with proposed wing type CPC, to investigate the effect of length of wings, and to compare the performance of the system with the proposed wing type CPC and with a linear CPC. Because the proposed wing type collector can provide the effective temperature for a longer period of time, therefore, it will help to obtain more amount of desorbed refrigerant by the end of the day that will contribute to improve the overall performance of the system.
CPC
A CPC is a non-imaging concentrator that consists of two parabolas and one absorber. The absorber may be flat or tubular; the geometry of the CPC profile depends on the shape of the receiver selected. In the current study, a two-dimensional (2D) CPC with a partially exposed tubular absorber was used. Partially exposed receivers have been reported to be favorable for solar adsorption cooling applications as they have the advantage of heat rejection from the back side during the adsorption process and increased adsorbent per unit area [13] . Normally, a CPC does not require tracking and it can accept incoming radiation over a relatively wide range of angles by using multiple reflections [18] .
Proposed CPC with Wings
A CPC with wings angled towards the east and west was proposed by the present authors [6] . The shape of the wing type CPC is shown in Figure 1 . The length of the proposed CPC is the same as for a linear CPC, but it is divided into three parts. The ends are termed wings and are angled toward the east and west (surface azimuth angle) to capture maximum solar energy during various times of day. The tilt and bending angles of the CPC wings were optimized by analyzing the energy absorbed at the CPC absorber for a sunny day from each month. A 35° tilt for the south-facing central part of the CPC and a 45° tilt for the wings with 50° angles toward the east and west were found to be optimal for the location of Tokyo, Japan (Figures 2 and 3) . It was found that the proposed CPC can provide the effective temperature for a longer period of time compared to the conventional linear CPC. The duration of the effective temperatures increased by up to 2 h in the winter and up to 2.53 h in the summer using the proposed CPC. Therefore, the proposed CPC with wings was used with a solar adsorption refrigerator to investigate the effect on performance of the system. Figure 3 . Sum of the energies absorbed by the east and west wings at each tilt and bending angle for all months to determine the global optimum settings for year-round operation.
System Description
The working principle of the system is based on the adsorption desorption property of the working pair. Activated carbon fiber (ACF, adsorber) and ethanol (refrigerant) were used as the working pair (adsorbent bed). The activated carbon fiber is a recently developed adsorbent that is more efficient than ordinary activated carbon [19] . The present adsorption refrigerator works according to conventional intermittent cycle that produces cooling during the night time only. The system consists of a CPC collector with an adsorbent bed directly packed into the absorber tube, air cooled condenser and refrigerator ( Figure 4 ). In the refrigerator the evaporator is dipped into the water that converts into ice when evaporator temperature becomes 0 °C or below during the cooling process. The ice acts as cold storage and keeps the cold box at a low temperature.
The working cycle of the system can be explained by the ideal Duhring (P-T-X) diagram as shown in Figure 5 .
The cycle starts from Point A when the sun rises and the collector heated up the adsorbent bed (A-B)-this is called pre-heating. At a certain Point B, when the adsorbent bed pressure becomes equal to the condensation pressure of the refrigerant, the refrigerant starts desorbing from the adsorbent in vapor form. The adsorbent beds are connected to the condenser where the refrigerant is condensed and collected in the receiver tank while the adsorbent beds are continuously heated at a constant pressure (B-C)-this stage is called desorption. In the late afternoon (Point C) when the solar radiations are not enough to continue the desorption process further, the adsorbent beds are disconnected from the condenser. The temperature and pressure of the beds start decreasing in the evening (C-D)-this stage is called pre-cooling. When the pressure of the beds reaches the evaporation pressure, the adsorbent beds are connected to the evaporator (D-A)-this is adsorption stage. The liquid refrigerant from the receiver tank is allowed to enter the evaporator through the expansion valve where it evaporates and again adsorbed in the adsorbent beds. Evaporation cause cooling in the evaporator that makes ice, and this ice keeps the cold box at a low temperature. In sum, the system is operated with a cycle time of 24 h. 
Mathematical Models

Assumptions
A detailed dynamic simulation model was used to predict the temperatures of the CPC cover and absorber [6, 20, 21] , adsorption system, and for the performance evaluation [22] [23] [24] [25] . The model was based on mass and energy balance equations. The following assumptions were made to simplify the model:
• The CPC is ideal and free from any fabrication errors;
• Each part of the CPC is an independent unit; • The temperature is uniformly distributed in the heat exchangers;
• The bottom side of the absorber is well-insulated, and there is no heat loss to the surroundings; • The adsorbent particles have uniform size, shape and distribution;
• The pressure is uniform in refrigerant flowing channel;
• All specific heats of the components and coefficient of heat transfer are assumed to be constant.
Governing Equations
The adsorption rate is given by:
where k s a v is the overall mass transfer coefficient and is given by:
where R p denotes the average radius of ACF particle. The adsorption rate is controlled by surface diffusion inside adsorbent particle and surface diffusivity (D s ), which is calculated by using the Arrhenius equation and is given by:
where W * is adsorption uptake at equilibrium state and is given by:
where P s (T vapor ) and P s (T b ) are the saturation vapour pressure at temperatures T vapor (refrigerant vapour) and T b (ACF), respectively. The Antoine equation was used to calculate the saturation pressure and is given by: s 3803.9 1000 exp 16.89 ( 41.68) P T
The CPC cover temperature is given by:
where Q c is the energy absorbed by the cover and is given by:
The CPC absorber temperature is given by:
where Q ab is the energy absorbed by the receiver and is given by:
where F indicates whether the incident radiation is effective for the CPC. F = 1 if the condition in Eqaution (10) is met and 0 otherwise. The I diff was calculated by dividing the actual diffuse radiation with the geometric concentration ratio [20] :
In Equations (6) and (8), the term on the left-hand side is the sensible heat and the terms of the form h·ΔT on the right-hand side are the heat transfers by radiation, convection, and wind from the cover and receiver of the CPC. Methods for calculating θ i , θ z , γ s , h Rr , h rc , h Rs and h ca are given reference [6] .
The numerical values used in the simulation are given in Table 1 .
The adsorbent bed temperature during desorption is given by:
The adsorbent bed temperature during adsorption is given by:
where λ is 0 during pre-heating and pre-cooling and 1 during desorption and adsorption.
Equations (11) and (12) were used to calculate the bed temperature in each wing separately using their respective values. Cp Cu 386 J kg
The condenser temperature is given by:
Cu re-cd re cc cd cd air H,re re b,E,S,W cd com
where q com is the combine desorption from individual CPC wings and
T is the bed temperature of respective wing. q com is calculated as:
The evaporator temperature is given by: a e e Cu re-e re w wt e wt e e e air H,re re b,E,S,W e com
The water temperature in the refrigerator is given by: wt wt w w wt e wt β wt wt air
where ξ is 0 when evaporator temperature is 0 °C or below otherwise it is 1.
The ice production is given by:
where ψ is 1 when evaporator temperature is 0 °C or below otherwise it is 0. ϑ is 1 during adsorption otherwise 0. The mass balance is given by:
Performance Index
The performance of the system was evaluated in terms of specific cooling effect (SCE) that is calculated as:
where Q e is the cooling energy achieved by the evaporator and calculated by multiplying the total amount of adsorbed refrigerant with the latent heat of refrigerant:
and: 
Initial Conditions
Initial conditions were as follows:
and:
Boundary and Operating Conditions
Actual measured solar radiation, ambient temperature, and wind velocity data for Tokyo were used in the simulation (Figure 6 ). To evaluate year-round performance, weather data for one sunny day in each month were selected. The data were obtained from the commercial software Meteonorm V. 6.1. 
Numerical Solution of the Mathematical Models
Mathematical models developed for different components of the system were used to compile a computer algorithm with the commercial software MATLAB R2010b. The Ordinary Differential Solver (ODE45) tool was used to incorporate the differential equations into the simulation model. Graphs were prepared in Microsoft Excel and SigmaPlot using the simulation results from MATLAB.
Results and Discussion
System Behavior with Wings Type CPC
A conventional intermittent solar adsorption refrigeration system was investigated with a wing type CPC that was previously proposed by the present authors. The optimum settings for tilt and bending angles of wings were used for the proposed CPC. The system was operated with separate valve control for each wing. Figure 7 shows the temperatures of the CPCs cover and absorber. It can be seen that the each wing is showing a different temperature profile according to its orientation. The absorber of the east wing achieves a higher temperature in the morning compared to the other wings; similarly the west wing absorber achieves a higher temperature in the afternoon. Therefore, the effective temperature is obtained for a longer period of time compared to the standard linear south-facing CPC. The peak temperature (around 380 K) is the highest in the west wing, because the solar radiation was also high in the afternoon and the west wing captures the radiation efficiently duet to its bending angle toward the west. The cover temperature follows a trend similar to the absorber temperature. The temperatures of the main heat exchangers of the solar adsorption system are shown in Figure 8 . The adsorbent bed temperature of each wing is following its absorber temperature. The condenser temperature increases in the day time and remains around 310 K to 320 K. Such a high temperature is because the naturally air cooled condenser was considered and ambient temperature was also relatively high. The condenser temperature again rises in the afternoon when the desorbed refrigerant starts coming from the west wing as indicated in Figure 8 . During the late night the beds' temperature approaches the ambient temperature because the adsorption rate also becomes slow at that time. The investigated system operates intermittently, whereby cooling is produced only at night when the evaporator is connected with the adsorbing beds. Therefore, the evaporator and water temperatures increase during the day due to heat loss to the ambience. When the evaporator is connected with adsorbing beds at night, the evaporator temperature starts decreasing. It was set in the simulation model that when the evaporator and water temperatures became 0 °C or below then the water temperature remains constant, indicating the production of ice. Temperature (K)
water ambient Figure 9 shows the concentration of the refrigerant in each bed. It can be noted that the desorption starts earlier in the east wing and ended soon too. This is because the east wing achieved the required temperature earlier due to its bending angle toward the east, and when the sun moves toward the west, the east wing losses its solar heat capturing efficiency that is needed to continue the desorption process. A similar behavior can be noted in west wing, but in the opposite order. In the west wing, desorption starts late but remains late into the afternoon hours. This shows the advantage of the proposed CPC with wings that the system can operate for a longer period of time compared to the conventional linear collector. The amount of ice produced is shown in Figure 10 . During the day no ice was produced because evaporator was not connected with the beds. The ice was produced during the night when the water temperature become 0 °C or below. Ice production (kg)
Effect of Length of Wings in Different Season
The performance of the solar adsorption refrigeration system with proposed wing type CPC was evaluated by changing the length of the wings and compared with the performance of the system when operated with a linear 3 m CPC. In each case the total length of the wing type CPC was kept constant to 3 m that was equal to a linear CPC. The lengths of the east and west wings were always kept equal, and the length of the south wing was calculated by subtracting the sum of the lengths of the east and west wings from the 3 m. The system was operated by valves that were controlled according to the conditions given in Table 2 . Table 2 . Average valve operation timing and description.
Process
Valve timing System status Remarks
Pre-heating Sunrise-9 am Adsorbent beds were isolated from condenser & evaporator:
The wing in which the desorption start was connected with condenser:
Each wing was controlled separately. It was connected with condenser when the desorption starts and disconnect when desorption reaches to minimum level.
Pre-cooling Sunset-9 pm Adsorbent beds were isolated from condenser & evaporator: P c = P s (T cd ) -Adsorption 9 pm-sunrise Adsorbent beds were connected with evaporator: P e = P s (T e ) - Figure 11 shows the effect of lengths of wings in Tokyo for different seasons of the year. It can be noticed that a wings lengths of 1.25 m shows the maximum performance in all seasons, except for August, where the maximum performance was found to be at 1.5 m length. It should also be noted that proposed CPC was optimized for year round operation. The performance of the collectors depends on the tilt and bending angle of the wings. In August, the optimum angle settings and weather data were favorable for the wings; therefore, the results show the maximum performance at 1.5 m wing length that indicates there was no south wing. The overall year round performance was found to be optimal at the east and west wing length of 1.25 m.
In Figure 12 , the results of all seasons are combined. Here it can be seen that the SCE has highest values in the month of February. In our simulation, the actual weather data was used, and such high values in February are because the ambient conditions were favorable to desorb and adsorb more refrigerant due a high solar irradiance and low ambient temperature. Figure 13 shows the comparison between the systems' performance with the proposed CPC at the optimal length of 1.25 m and with a linear CPC in terms of SCE. It can be noted that the performance increases up to 6% with the wing type CPC compared to the linear CPC in the month of August and increases by up to 1.42% in the month of February.
Similarly, the results were summarized for the ice production with the wing type CPC at 1.25 m wing length and compared with the ice production with a linear CPC for a whole year's season (Figure 14) . Here again the wing type CPC produced a maximum 13% more ice in the month of August compared to the ice produced with linear CPC. The maximum amount of ice was produced in the month of February and almost all the water in the refrigerator was converted into ice. February is from the peak winter month in Tokyo and according to the actual data used, the ambient temperature were low, around 10 °C during the day and remained around 0 °C during night. Therefore, due to favorable conditions the maximum amount of ice was produced in the month of February. 
Conclusions
In this study, a conventional intermittent solar adsorption refrigeration system with a wing type CPC proposed by the present authors was evaluated. The length of the proposed wing type CPC was the same as for a linear CPC, but it was divided into three parts. The ends were termed wings and were angled toward the east and west (surface azimuth angle) to capture the maximum solar energy during various times of the day. The proposed CPC was used at its optimum settings for tilt (35° for the south part and 45° for the east and west wings) and bending angles (0° for south part and 50° for east and west wings). A detailed dynamic simulation model was used to predict the system's behavior and performance. The actual weather data for Tokyo (Japan) were used in the simulation. The objectives of the study were to investigate the behavior of a conventional intermittent solar adsorption refrigeration The results show that the performance of the system with wing type CPC is higher compared to the performance with a linear CPC. The optimum lengths of wings were found to be 1.25 m for the east and west wings. The performance increase up to 6% in the summer and up to 2% in the winter with the wings type CPC set at 1.25 m wings length. Similarly, the ice production increased up to 13% in summer with the proposed wing type CPC. The results indicate that the wing type CPC can continue the desorption process for a longer period of time. This advantage will be more effective for continuous solar driven systems.
In summary, it can be concluded that the proposed wing type collector increases the system performance compared to a linear collector with the same length. The system can be operated for a longer period of time with a wing type CPC without the need for tracking. In addition, the proposed wing type CPC is cost-effective compared to using an expensive tracking system or a heat storage tank that requires additional maintenance costs.
